Several articles were published about the vanadate-3-hydroxy-1,2-dimethyl-pyridinone (Hdhp) system, however, the results are contradictory and not complete: pH-potentiometry and 51 V-NMR spectroscopy were used to clarify this complicated system. The eleven peaks in the spectra at different chemical shifts were assigned to ten stoichiometrically different compounds; four of them are new, never identified or assigned before. Besides the simple mono-(in two different protonation states) and bis complexes (in three different protonation states) a tris complex, three dinuclear and a trinuclear complex were found based on the 51 V-NMR spectra measured at different pH values and various metal ion concentrations and metal-to-ligand ratios. As a joint evaluation of the two methods, overall stability constants were calculated for all species. complex.
Introduction
Numerous vanadium(IV) and (V) complexes showed significant antidiabetic activity in preclinical in vitro and in vivo studies [1] [2] [3] [4] . One of them the bis(ethylmaltolato)oxovanadium(IV) (BEOV) complex has entered into Phase IIa trial [5] . The active vanadium species exhibit ca. 30-70% of the activity of insulin in vitro, and generally the efficacy of the V(IV) salt and especially complexes exceeds the originally tested V(V) salts [5, 6] . However the V(V)-compounds tend to be less toxic than V(IV)-complexes, and in general there is no significant correlation between vanadium oxidation state and the insulin-mimetic efficacy [3] .
Up to now the most effective hypoglycemic drug candidates are the orally available charge-neutral bis complexes of V(IV) formed with bidentate ligands. The advantage of these metal complexes over the inorganic oxovanadium(IV) salts is their increased bioavailability and thus enhanced pharmaceutical efficacy. According to the stability of this type of complexes, they are usually not stable enough at the pH of the gastric juice resulting in unfavorable uptake, however, that can be bypassed by means of proper drug formulation such as encapsulation methods [7] . Based on the dosage range data of the clinical trials and the absorption properties of BEOV ca. 20 µM is estimated as the maximum concentration of vanadium attainable in the human blood serum during the treatment of diabetes mellitus [8] . This kind of vanadium complexes shows facile interconversion between the oxidation states (IV and V) and biologically relevant reducing agents such as L-ascorbic acid (ASC, 10-80×10 -6 mol dm -3 ), cysteine (33×10 -6 mol dm -3 ), glutathione (GSH, 4×10 -6 mol dm -3 ), uric acid (200-400×10 -6 mol dm -3 ), alpha-tocopherol (20-30×10 -6 mol dm -3 ) etc. and the dissolved oxygen ensure that both V(IV) and V(V) species are relevant under serum conditions [9] .
It was pointed out in our previous works that vanadium in oxidation state IV and V is bound mostly to serum transferrin in the therapeutically relevant concentration range and the original carrier ligand is displaced completely. The only exception among the bidentate drug candidate ligands is the 3-hydroxy-1,2-dimethyl-pyridinone (Hdhp) where the dissociation of the original complex is not complete in serum and the ligand tends to form V(IV)O-apotransferrin-dhp ternary complexes even at such concentration conditions [4, 9, 10] . However insulin-mimetic efficacy of the [V(IV)O(dhp) 2 ] complex looks ordinary [3, 11, 12] .
Several articles were published about the speciation of the vanadate-dhp system [13] [14] [15] [16] , although the conclusions are sometimes contradictory in the different publications and the final picture is still not complete.
In the first short publication pH-metric results were reported [13] peaks (mono complexes: δ( 51 V) = -502 ppm, bis complexes: δ( 51 V) = -476 ppm) were identified at the physiological pH. Based on cyclic voltammetric (CV) measurements the authors also concluded that the reduction of the vanadate complexes to oxovanadium(IV) is not reversible, but the irreversibility is less pronounced at pH 3 [13] .
Later X-ray structure for a trinuclear complex [(VO 2 ) 3 (dhp) 3 .H 2 O] has been published [14] . In this cyclic compound, µ-oxygens form bridges between the vanadium centres, the three ligands and the vanadates are not equivalent due to an extra ligand-O-V bound.
The 51 V-NMR spectral work in the same publication [14] is more detailed, but is still not complete:
it reports unidentified species (C: δ( 51 V) = -420 -405 ppm; C': δ( 51 V) = -350 ppm). A peak at δ 51 V = -489 ppm was assigned improperly to a trinuclear complex [(VO 2 ) 3 (dhp) 3 ] instead of. mononuclear one [(VO 2 )(dhp)]). 1 H-NMR measurements for the mono and bis complexes have also been published [14] , but no thermodynamic information was concluded from these measurements.
In the third article [15] stability and protonation constants were determined from the 51 V-NMR data:
the stability constants for the mono and bis complexes significantly differ from the earlier published values [13] . The authors determined one protonation constant (pK) for the mono and two others for the bis complexes by 51 V-NMR spectroscopy. These processes were supposed to occur on the metal side. However, based on 1 H-NMR measurements further protonation processes for both the monoand bis complexes were assumed which should occur on the ligand side [15] .
From methanol-water solvent mixture a dinuclear dhp-vanadate-methyl-ester complex was ([VO(OMe)(dhp)] 2 O) prepared, in which beside two oxygen donor atoms of each dhp ligand a µ-oxygen also forms a bridge between the vanadium centres. Addition of methanol to the system makes the speciation even more complicated because the alcohol is able to react with the V-OH part of the complexes forming "esters", and this process is not advantageous for understanding the feature of the basic V(V)-dhp system. Temperature dependence of 51 V-NMR spectra and 2D 1 H homonuclear NMR spectra was also measured and isomers of the dinuclear ([V(V)O(OMe)(dhp)] 2 O) and the bis complex [V(V)O(OMe)(dhp) 2 ) were detected [16] .
In order to clarify the speciation in the V(V)-dhp system and identify the composition and the stability of the complexes pH-metric and 51 V-NMR spectroscopic measurements were used in the present work.
Vanadium may be assumed to enter the cells via the transferrin receptors, when V(IV), or via the phosphate or sulfate pathway, when V(V) [1] . In the intracellular medium V(V) species may suffer reduction by certain cell components and ASC and GSH are the most important and abundant cellular antioxidants ( 0.01-0.02 mol dm -3 , 0.5-10 mmol dm -3 , respectively) and their role is frequently discussed [17, 18] . It is noteworthy that GSH and its oxidized form glutathione disulfide (GSSG) are also able to form binary or ternary V(V)O 2 + and V(IV)O 2+ complexes by the complete or partial substitution of the carrier ligand [19] and a similar behavior can not be completely ruled out either for ASC, however based on the conditions and stability ratios the original bis complexes should dominate in the solution before and after the reduction too.
The reaction rate of the reduction of the V(V) complexes basically depends on the type of the reducing agent and that of the coordinating ligand. The greater ability of the chelating ligand to stabilize the V(V) oxidation state, the stronger the tendency to promote the reduction. It was found e.g. that NADPH can reduce in vitro V(V) complexes having formation constant (logK') higher than 7 in the case of a series of amino acid, oligopeptide, aminopolycarboxylate ligands [1] . Simple thiols, as other possible reductants, are able to form stable complexes with V(V) at neutral or alkaline pH, however, they are oxidized by the metal ion under other conditions, such as low pH and high thiol excess [1] . [17] . These V(V) complexes showed similar behavior; therefore, the replacement of the methyl group by the ethyl group in the ligand structure had little influence on the reaction rate. The reduction by GSH was found to be much slower than by ASC at physiologically relevant pH. First-order kinetics at large excess of GSH and ASC is suggested and the observed first-order rate constants showed a linear relationship with the concentration of the reductants. An acid dependent mechanism was proposed from kinetic studies with varying pH and carrier ligand concentration. for the bis-ligand complexes). 
Experimental Section
Formation constants are denoted as β p,q,r and complexes have the notation (p,q,r). All calculations were performed with the aid of the PSEQUAD [25, 26] or the pHCali [27] computer programs.
Stability constants (log β) of vanadates (H + /V(V)) are taken from [28] .
NMR measurements and data
51 V-NMR spectra were recorded on a Bruker Avance DRX500 spectrometer. The samples
The external reference was VOCl 3 for the 51 V-NMR measurements.
Routine parameters were used for 1 H-NMR spectroscopy. A spectral window of 760 ppm, a 90
• pulse angle and an acquisition time of 0.65 s with a relaxation delay of 0.5 s and a pulse width of 7 ms were applied in the 51 V-NMR measurements. Samples were freshly prepared and their pH was adjusted with concentrated HCl and KOH solutions. The ionic strength of the samples was Table 1 . Stability and acidity constants were determined with the aid of the computer program PSEQUAD [25, 26] based on the integral values and chemical shifts.
UV-Vis spectrophotometric kinetic measurements
Data collection: A Hewlett Packard 8452A diode array spectrophotometer was used to record the UV-Vis spectra in the interval 200-800 nm at 25.0 ± 0.1 °C, the path length was 1 cm. A special, tightly closed tandem cuvette (Hellma Tandem Cell, 238-QS) was used and the reactants were separated until the reaction was triggered. Both isolated pockets of the cuvette were completely deoxygenated by bubbling a stream of argon for 10-10 min before mixing the reactants. Spectra were recorded before and then immediately after the mixing, and changes were followed till no further absorbance change was observed. One of the isolated pockets contained the reducing agent 
Results and Discussion

The acid-base properties of the ligand dhp
The ligand dhp (see Scheme 2) have at least two resonance structures in its fully deprotonation state (L -). One structure is the "normal" maltolate type; the other is the catecholate type, 
Vanadate complexes of dhp
The pH-metric titration of the basic solutions of the V(V)-dhp system could be evaluated throughout the whole pH range studied (2.0-11.5). The stability constants calculated from pHmetry and/or 51 V-NMR for the V(V) complexes of dhp are listed in Table 2 . Two representative speciation curves, one at equimolar ligand-to-metal ratio and one at ligand excess are depicted in Fig. 1 . Table 3 contains the 51 V chemical shifts assigned to the different complexes formed in solution; their changes as a function of pH in the different experimental series were collected in Fig.   2 .
The mono and bis complexes
It is seen in Fig. 2 that these complexes are formed practically in the whole pH range. Formation of such vanadate complexes is usual for bidentate ligands [32] , the stability constants determined (Table 1) and pK values are quite similar from one set of values recalculated from literature data [15] . The protonation equilibrium of the mono complex
is also usual in such complexes [32] . The main difference for example from the vanadate-maltol system is that in the two step protonation process of the bis complex: the second step is normally missing and the first step is usually occurs at pH < 3 [32] . However, the dhp is able to coordinate in a catecholate way (vide infra) and the increased charge on the central vanadate causes also increased partial charge on the oxido-oxygens, which finally leads to their double protonation equilibria.
Second protonation step for the mono and third for the bis complex were suggested based on 1 H-NMR measurements [15] , the authors assign these processes to the ligand ring N [15] . However, this can be ruled out based on our pH-metric results and because no protonated complexes were published with any other metal complexes of dhp [30, 33, 34] . The observed spectral changes [15] in the 1 H-NMR spectra must due to the protonation on the vanadate side of the complexes.
A representative 51 V-NMR spectrum series is depicted in Fig. 3 , where in the acidic pH region it is easy to observe the movement of the signals of both the mono and bis-complexes to the higher chemical shift values.
The [(VO 2 (dhp)) 2 OH] -species
This complex was observed earlier in the 51 V-NMR spectra (δ = -518 ppm [14, 15] ). It was suggested to be dinuclear [15] but the protonation state was not identified. The 51 V-NMR signal of this complex was observed in the pH range 4.0-6.5 as it can be seen in Fig. 2 
The [(V(V)O 2 ) 3 (dhp) 3 ] species
In the literature [14] an X-ray structure was published for this complex but the species was assigned to δ( 51 V) = -489 ppm which is definitely belongs to its monomeric form. (In a later publication it was corrected [15] .) We assigned this species to another, earlier also observed but not identified peak (-466 ppm see Table 2 ). The trinuclear complex was observed (see Fig. 2 ) in the pH range 4-5.5 at 1 : 1 metal ion-to-ligand ratio, the increase of the total concentration of vanadate favours the formation of it (see Fig. SI 4) . The species has no observed protonation equilibria. Based on our measurements formation of a dinuclear complex could not be completely ruled out besides the trinuclear one, only the existing X-ray structure was the reason to identify it as a trinuclear species. 
The [V(OH)(dhp) 3 ] species
In the presence of ligand excess, a new and never published peak appeared in our spectra at δ( 51 V) = -276 ppm in the pH range 2.0-5.5. The concentration dependent spectrum series (see Fig. SI6 ) at pH 3.6 suggests that at least three ligands coordinate to V(V). The quantitative evaluation of three spectrum series provided the best fit with the assumption of a species composition [V(OH)(dhp) 3 ].
The composition and the structure seems to be unique for vanadate, although, "naked", oxidooxygen free [V(dhp) 3 ] + tris-complexes were identified also in the VO(IV)-dhp system [30] , and an X-ray structure of the tantalum(V) complex with similar composition (Ta(V)O(dhp) 3 ) was also published [35] . The most probable structure of this complex is depicted in Scheme 3.
The [(VO 2 (dhp))O(VO(dhp) 2 )] -and [(VO(dhp) 2 ) 2 O] complexes
Two other, only qualitatively identified 51 V-NMR peaks (dinuclear bis complexes) were described in the literature [14, 15] . Sometimes they form an equivalent pair at δ( 51 V) = -399 and -406 ppm, however, the latter peak was observed also separately. Based on our measurements the ratio of the peak pair is usually 1:1 (in the pH range 5-7), however, at pH ~5, it is difficult to measure them accurately due to the overlap with the peak of the bis dhp-complex (their chemical shifts move with the pH). Furthermore, when the peak areas of the pair may start to change and finally they collapse into a single one, this could not be followed clearly by 51 V-NMR. The situation can be followed in 
X-ray structure of the K[VO 2 (dhp) 2 ].2H 2 O
The bis complex was crystallized at pH 8.5 with the aid of slow addition of acetone. The unit cell contains two individual complexes with a pseudo-C 2 symmetry, only one of them is depicted in Fig.   4 . The selected distances and angles can be found in Table 4 , comparing the data with two related systems, the vanadate complex of maltol [36] and 2-hydroxypyridine-N-oxide (hpno) [32] . The bond distances are similar for the three complexes, the trans effect of the oxido-oxygen of the vanadate makes one of the V-O-dhp distances much longer than the other. In the three cases of the asymmetric ligands the donor atom with the worse coordination properties goes to the trans position. The average difference between the two type bond distances are 0.26 Å in the case of the maltolato-type coordination mode. In the other case the catecholate type coordination, which can be observed for example in the tridentate complex [14] , when the trans effect of the oxido-oxygens does not appear, the difference between the two V-O-dhp bond distances is only 0.03-0.04 Å.
Reduction of vanadium(V) complexes by GSH and ASC
The reduction of the [V(V)O 2 (dhp) 2 ]
+ complexes of pic, maltol and dhp by GSH or ASC was followed spectrophotometrically. The redox reaction was found to be moderately fast which allowed us to record the UV-Vis spectra immediately after mixing the samples containing the given 364 nm  960  550  8750  550  94  410  410 nm  305  50  5690  230  22  250  450 nm  70  48  4620  110  7  60 absorption in the visible range due to the charge-transfer bands, however, significant differences are seen in the two oxidation states as indicated by the representative molar absorbance values collected in Table 5 . Table 5 ) followed with progress of time. Similar changes were observed in the case of dhp, although absorbance was increased for the picolinato complex (Fig. SI   9 ). Most probably not merely the transformation of 2 ] takes place at the excess of the reducing agents since formation of their binary and ternary complexes with both vanadium ions is also possible leading to complicated speciation [19, 38] . Thus, our interpretation of these kinetic runs can be considered only as a semi-quantitative description, but can give information about the different abilities of GHS and ASC to reduce the chosen complexes. The rate of the reduction was very sensitive to the concentration of GSH or ASC (see Fig. 6 .b as an example) and the absorbance (A)-time (t) curves were fitted and analysed at various wavelengths (Fig. 7. ). [17] . The spectral changes are so fast in the presence of ASC that the vanadium concentration has to be decreased down to 5×10 (Table 7) . These data undoubtedly reveal the higher stabilities of the vanadium(IV) complexes in all cases, but the difference between the values of the two metal ions is the greatest with dhp. Additionally, the formal potentials of the
were measured at pH 7.40 by cyclic voltammetry. Quasi reversible redox processes were observed (see ∆E values in Table 7 ) in all cases, most probably as a result of the dioxo / monooxo rearrangement in the coordination sphere of the vanadium ion during reduction-oxidation, which Table 7 . pM values calculated for the V(IV/V)-ligand systems based on the stability constants in Refs. [9, 37] 2 ] by ASC is much faster than by GSH at physiological pH and is faster by both reductants compared with the complexes of maltol and pic.
In the case of the maltolato complex Orvig et al. estimated the chance of the reduction by ASC and GSH in vivo considering the actual concentrations in the human body tissues and they considered ASC as relevant biological reductant [17] . As the reaction rate is much higher for the complex of dhp, the reduction by the GSH may be also possible even in the blood plasma where its concentration is lower as compared to the intracellular milieu. The protonation of the mono-dhp-complex occurs at one unit higher pH than for the other usually considered ligands (pK(hpno) = 4.50, pK(maltol)= 4.85, pK(dhp) = 5.88). More significant difference was realized between the acidity of the protonated bis-dhp-complex and the other ligands (pK(hpno) = 2.14, pK(maltol)= 2.3, pK 2 (dhp) = 5.62), especially, that in this case it could be protonated two times (pK 1 (dhp) = 2.90). Why is this difference from the other (O,O) donor ligands?
Conclusions
The tautomeric structures of the dhp let it to coordinate in two different ways: i) as the other two ligands (maltolato like, with one -O -and one =O) and ii) like catecholates (with two -O -). The maltolato type coordination is caused by the trans effect of the vanadate oxido-oxygens. The catecholate type coordination results in charge increase on the central vanadium ion, which is able to shorten the V-O, vanadium-oxido oxygen bonds, and can increase the negative charge on these oxygens. This is the explanation why the bis dhp-complex protonates more easily. In the pH range 2 -7 several other minor species are also formed. Three of them are dinuclear species and one is trinuclear; and in all cases µ-oxo bridge or bridges are supposed to link the vanadate centers.
When the pH < 5 and the concentrations and the ligand excess are high a totally new and very interesting tris-dhp-complex is also formed.
The comparison of the redox properties of different bis-ligandum complexes are in agreement with the known stability differences. While due to the catecholate type coordination possibility of the ligand the bis-dhp-VO(IV) species has outstanding stability among the VO(IV) complexes, the stability difference is not as significant in the highest oxidation state V(V) where the trans effect of the oxido-oxygen atoms allow only the maltolate type coordination mode for the dhp.
Results also demonstrate that reduction of [V(V)O 2 (dhp) 2 ] by ASC is much faster than by GSH at physiological pH and is faster by both reductants as compared with the complexes of maltol and pic.
It is worth to mention that the highest stability of the bis-dhp complex of V(IV) among the similar neutral bis-ligand complexes does not bring outstanding antidiabetic effect, the complex shows ordinary insulin-mimetic efficacy in in vitro cell tests [3, 11, 12] . Immobilisation of vanadium in a given chemical environment is certainly does not enhance its biological efficacy. Although the complex was not as exhaustively studied as BMOV, the results published about its activity [11, 12] is somewhat controversial also.
